To determine the clinical significance of central nervous system (CNS) involvement at the time of diagnosis of pediatric acute myeloid leukemia (AML), we analyzed clinical features and outcomes of 290 patients treated consecutively on four institutional trials (AML80, AML83, AML87, and AML91). CNS status was classified as CNS1 (no blast cells in CSF; n ¼ 205), CNS2 (o5 WBC/ll CSF with blast cells; n ¼ 37), or CNS3 (X5 WBC/ll CSF with blast cells, or signs of CNS involvement; n ¼ 48). Patients with CNS3 status were significantly younger than others (P ¼ 0.016) and significantly more likely to have the favorable cytogenetic features t(9;11), t(8;21), or inv(16) (Po0.001). The CNS3 group had a significantly greater probability (7s.e.) of 5-year event-free survival (43.777.0%) than did the CNS1 (27.873.2%, P ¼ 0.015) and CNS2 (24.377.5%, P ¼ 0.032) groups. However, after adjustment for favorable genetic features, there was no significant difference in EFS between the CNS3 and the combined CNS1 þ CNS2 groups (P ¼ 0.075). In all, 10 of 151 patients treated on AML80 and AML83, but none of 139 treated on AML87 and AML91, had primary CNS relapse. CNS involvement had no adverse prognostic significance, and patients with CNS2 status had similar outcome to CNS1 patients in this large group of pediatric patients with AML, treated at a single institution.
Introduction
Central nervous system (CNS) involvement at the time of diagnosis has traditionally been considered as an adverse prognostic feature in acute myeloid leukemia (AML), and is usually treated with intensified CNS-directed therapy (radiation and/or frequent intrathecal chemotherapy). [1] [2] [3] [4] [5] However, most of the available data on CNS involvement and its treatment in pediatric acute leukemia is derived from studies of acute lymphoblastic leukemia (ALL). Further, there is little information about the appropriate threshold (white blood cell (WBC) count in cytocentrifuged CSF) needed to diagnose CNS involvement in AML. The threshold used by an Italian research group, 4 The Pediatric Oncology Group (POG), 6 and St Jude 7 is the presence of any blast cells (regardless of cell count). The Children's Cancer Group (CCG) 8 and the Berlin-Frankfurt-Münster (BFM) group 3 use a threshold of 5 and 10 WBC/ml, respectively. There is growing evidence that children with ALL require more intensive CNS-directed therapy if any lymphoblasts at all are present in the CSF at diagnosis 9, 10 (Nachman et al, Med Pediatr Oncol 2002; 39: 277; abstract). Two previous studies have addressed the prognostic significance of this finding in pediatric AML 8 (Odom et al, ASCO Proc 1989; 8: 218; abstract). In one study, five of six children who had blast cells in the CSF at diagnosis but who had a low CSF leukocyte count experienced CNS relapse (Odom et al, ASCO Proc 1989; 8: 218; abstract). However, in a CCG study of 142 patients with newly diagnosed AML, 13 patients who had low CSF leukocyte count with blasts at diagnosis had outcomes similar to those of patients with no CSF blasts. 8 The treatment of CNS disease in pediatric AML has been reviewed elsewhere. 5 In recent years, most pediatric oncology groups have relied increasingly on intrathecal (IT) chemotherapy for the prevention and treatment of CNS leukemia and have reduced the use of CNS irradiation. 6 In addition, new antileukemic therapies (eg, high-dose cytarabine 11 and cladribine 12 ) offer increased CNS penetration. We analyzed the clinical features and outcome of pediatric patients with and without CNS involvement in a cohort of 290 patients treated on four institutional AML protocols. This analysis expands on that of a 1985 report 7 by including patients with CNS disease who have received contemporary chemotherapy and limited radiotherapy.
Patients and methods

Patients
Between 1980 and 1997, 290 patients younger than 21 years with previously untreated, newly diagnosed AML were consecutively enrolled on four successive clinical trials (AML80, 13 AML83, 14 AML87, 15 and AML91 16 ) at St Jude Children's Research Hospital. The diagnosis of AML was based on the finding that leukemic myeloid blast cells composed more than 30% of the mononuclear cells in the bone marrow. After cytochemical and flow cytometric analyses, blast cells were classified according to the French-American-British (FAB) criteria 17 and were analyzed cytogenetically; 18 additionally, 172 patient samples were analyzed for MLL gene rearrangement. Aspirated bone marrow samples were examined approximately every 3 months during the treatment.
Diagnosis of CNS leukemia required the identification of leukemic blast cells in Wright-stained cytocentrifuged samples of CSF by at least two observers, signs of cranial nerve palsy or meningeal involvement, or the detection of a nonhemorrhagic CNS mass or chloroma by computed tomography. On the AML80, AML83, and AML87 treatment protocols, the detection of any number of leukemic cells in the CSF was considered diagnostic of CNS involvement. On AML91, the detection of five or more WBCs per microliter of CSF plus the presence of morphologically identifiable blast cells was considered diagnostic of CNS involvement. For the purpose of our study, all patients were reclassified according to the scheme used in pediatric ALL: CNS1 (no blast cells in cytocentrifuged CSF at the time of diagnosis), CNS2 (1-4 WBC/ml of CSF with morphologically identifiable blast cells), or CNS3 (5 or more WBC/ml with blast cells). Patients who met other criteria for CNS involvement (cranial nerve palsy, signs of meningeal disease, or a nonhemorrhagic CNS mass or chloroma) were classified as CNS3, regardless of CSF findings. If the CSF was contaminated by blood (more than 10 erythrocytes per microliter) containing leukemic cells at the time of diagnosis, the lumbar puncture (LP) was considered traumatic, and patients were classified on the basis of a repeat CSF sample obtained several days later.
The Institutional Review Board of St Jude Children's Research Hospital approved this study, and informed consent was obtained from patients, parents, or legal guardians, as appropriate.
Treatment
The AML80, 13 AML83, 14 AML87, 15 and AML91 16 protocols have been described elsewhere. Systemic therapy on the four protocols is summarized as follows. The remission induction regimens are outlined in Table 1 . On AML80, induction therapy consisted of daunorubicin/cytarabine (Ara-C), plus etoposide (VP-16)/azacytidine for refractory disease. Patients in remission were eligible for allogeneic bone marrow transplantation if they had an HLA-compatible donor. Patients who did not undergo transplantation received sequential intensive postremission therapy for approximately 12 months. 13 On AML83, induction therapy consisted of etoposide/cytarabine followed by daunorubicin/Ara-C/thioguanine and finally VP-16/azacytidine. Postremission therapy on AML-83 comprised 16 6-week treatment cycles, each of which contained three paired drug combinations.
14 On AML87, induction therapy consisted of targeted dosages of etoposide and cytarabine followed by Ara-C/ daunorubicin, VP-16/amsacrine, and VP-16/azacytidine. Consolidation therapy comprised three additional cycles of combination chemotherapy; no maintenance therapy was given. 15 On AML91, induction therapy consisted of one or two courses of 2-chlorodeoxyadenosine (2-CDA, cladribine) followed by one to two courses of daunomycin/Ara-C/VP-16. Postremission therapy consisted of bone marrow transplantation or one course of consolidation with high-dose cytarabine. 16 Table 2 lists the cumulative doses of Ara-C, VP-16, and daunomycin given during remission induction therapy on the four treatment protocols. Figure 1 shows a schema of CNS-directed therapy on the four protocols. On the AML80, AML83, and AML87 protocols, cranial radiation (24 Gy) was administered to patients with CNS involvement (CNS2 and CNS3) on completion of maintenance therapy (at approximately 15, 27, and 8 months after diagnosis, respectively). On the AML91 protocol, radiation therapy (6-24 Gy of cranial radiation) was reserved for patients with symptomatic CNS involvement. The wide range of radiation doses reflects the fact that cranial radiation was administered only for control of CNS symptoms. Total body irradiation (TBI; 12-14 Gy) was given as part of the preparative regimen for hematopoietic stem cell transplantation.
All patients with CNS disease received IT chemotherapy weekly (for a minimum of 4 weeks) until blast cells were cleared from the CSF. IT chemotherapy was then given monthly until the completion of systemic chemotherapy. On the AML80 and AML83 protocols, patients received five doses of IT chemotherapy during the 2.5 weeks of cranial radiation. IT chemotherapy for patients with CNS involvement comprised up to 23 doses of methotrexate (MTX) on AML80, up to 35 doses of MTX on AML83, up to 11 doses of MTX, hydrocortisone, and cytarabine (MHA) on AML 87, and up to nine doses of MHA on AML91.
Statistical methods
The duration of survival was defined as the interval between diagnosis and the time of the last follow-up or of death from any cause. An adverse event was defined as relapse, evidence of disease progression, or death from any cause. The duration of event-free survival (EFS) was defined as the interval between diagnosis and the first adverse event. Patients who did not enter complete remission (CR) were assigned an EFS value of zero. Data were censored at the time of the last follow-up if no adverse event was observed. The probability of survival was estimated by the Kaplan-Meier method and was compared among subsets of patients by the log-rank test. Since the EFS estimates were similar in the CNS1 and CNS2 groups, we combined these patients into one group ('CNS1 þ 2') and performed further analysis to identify factors that affect EFS. The factors affecting EFS within each CNS subtype were assessed by the log-rank test. Stratified analysis was performed Table 1 Initial remission induction therapy in four AML study protocols to compare the survival of the CNS3 and CNS1 þ 2 groups to ensure that age, protocol, and cytogenetic features did not confound the comparison. However, because some subgroups would comprise very few patients if all factors were stratified simultaneously, we stratified each factor independently to compare survival in the CNS3 and CNS1 þ 2 groups. The cumulative incidence of CNS relapse was estimated by Prentice's method. 19 The association between CNS status and outcome was tested by Gray's method. 20 The duration of risk of CNS relapse was defined as the interval between diagnosis and the date of CNS relapse, death, or last contact, whichever came first. Death from any cause was considered a competing event.
The differences between categorical variables were examined by using two-tailed Fisher's or w 2 exact test. The differences between continuous variables were examined by using the Wilcoxon-Mann-Whitney rank test or the Kruskal-Wallis test. SAS release 8.1 software (SAS Institute, Cary, NC, USA) was used to perform the statistical analyses.
Results
Patient characteristics
Of the 290 patients, 85 (29%) had CNS involvement (CNS2, n ¼ 37; CNS3, n ¼ 48) at the time of diagnosis. Table 3 lists the presenting clinical features of this study group. Two patients who had a traumatic first and second LP and had blast cells in the CSF were classified as CNS3. Patients with CNS3 status were significantly younger at the time of diagnosis than patients with CNS1 or CNS2 status (P ¼ 0.016). The 85 patients with CNS involvement had CSF leukocyte counts ranging from 0 to 420/ml (median 13/ml). CNS involvement was diagnosed on the basis of demonstrable blast cells in the CSF in 82 patients, an intracerebral mass in one, spinal chloroma in one, and facial nerve palsy in one. A total of 20 patients had CNS signs and symptoms at presentation: chloromas were identified in 14 patients, cranial nerve palsy in six, and meningeal signs in one (four patients had more than one sign or symptom). Race and sex did not differ significantly among the three groups. As shown in Table 3 , the incidence of CNS2 and CNS 3 status was relatively high in patients with AML FAB M4 and M5 subtypes, as reported previously. 5, 8 Furthermore, the incidence of CNS2 status was higher in patients treated on the AML91 protocol. This finding may reflect increased scrutiny of CSF samples in this patient group during a study of CNS2 status in ALL at our institution. 9 
Cytogenetics and MLL rearrangement
As shown in Table 3 , the favorable cytogenetic features inv(16), t(9;11), and t(8;21) were present in the leukemic cells of 26 of the 48 patients (54%) in the CNS3 group and in 55 of the 242 patients (23%) in the CNS1 þ 2 group (Po0.001). Among the 172 patients for whom data were available, MLL gene rearrangement was detected in eight of the 22 patients (36%) in the CNS3 group and in 34 of the 128 patients (27%) in the CNS1 þ 2 group (P ¼ 0.44).
Patient outcome
The probability of 5-year EFS was significantly higher in the CNS3 (43.777.0% (s.e.)) than in either the CNS1 (27.873.2%, P ¼ 0.015) or CNS2 (24.377.5%, P ¼ 0.032) groups (overall P ¼ 0.04) (Figure 2 ). EFS did not differ significantly between the CNS1 and CNS2 groups (P ¼ 0.77), which were combined to form the CNS1 þ 2 group for further comparison. EFS differed significantly between the CNS3 and the CNS1 þ 2 groups after adjusting for treatment protocol (P ¼ 0.012) and for age at diagnosis (p2 vs 42 years, P ¼ 0.019). However, no significant difference in EFS was detected between the CNS3 and CNS1 þ 2 groups after adjusting for cytogenetic features (favorable vs others; P ¼ 0.075). This finding is explained by the greater frequency of favorable cytogenetic features 21, 22 in the CNS3 group (54%) than in the CNS1 þ 2 group (23%). It is noteworthy that t(9;11) is associated with favorable prognosis in the context of therapy used at our institution. 22 However, this fact has been disputed by other investigators in the context of different chemotherapy regimens. 23 Analysis according to treatment protocol showed that in the AML80, AML87, and AML91 protocols (but not in the AML83 protocol), the CNS3 group had a higher probability of EFS than did the CNS1 þ 2 group. No statistically significant difference in EFS was seen between the CNS 3 patients who had CNS signs and symptoms at diagnosis (5-year rate ¼ 60.0710.5%, n ¼ 20) and those who did not (32.178.4%, n ¼ 28) (P ¼ 0.09). In patients with CNS 3 status, the 5-year EFS estimate (%7s.e.) was higher in patients treated on AML87 and AML91 (57.1716.7 and 70.0713.6, respectively) than in patients treated on AML80 and AML83 (45.0710.6 and 9.176.1, respectively). However, no statistically significant difference could be shown because of the small number of patients. a One to two courses of 2-chlorodeoxyadenosine (2-CDA) were given in the 'up-front window' before remission induction therapy.
Figure 1
Schema of CNS-directed therapy for patients with CNS involvement at diagnosis of AML. IT chemotherapy consisted of methotrexate (MTX) alone or methotrexate, hydrocortisone, and cytarabine (MHA). Cranial: cranial irradiation.
Prognostic factor analysis
The CNS3 and CNS1 þ 2 groups were analyzed separately to identify prognostic factors. As CNS involvement was defined and treated differently in the AML91 protocol, we adjusted the analysis for treatment era (earlier era: AML80, AML83, and AML87; later era: AML91). Age (o2 vs 2-9 vs X9 years), race (white vs other), sex, and WBC count at diagnosis (p50 000/ml vs 450 000/ml) were not significantly prognostic of EFS within the CNS3 or CNS1 þ 2 groups after adjustment for treatment era (data not shown). Moreover, the presence of CNS signs and symptoms at diagnosis was not significantly prognostic of EFS in the CNS3 group after adjustment for treatment era (P ¼ 0.17).
CNS radiotherapy
Of the 48 patients in the CNS3 group, 26 received cranial radiation (6-48 Gy). An additional three patients received TBI as part of the conditioning regimen for hematopoietic stem cell transplantation. Patients receiving TBI were considered to be in the radiation group. Among the 55 patients with CNS2 or CNS3 status in the earlier era (AML80, AML83, and AML87), 26 (15 with CNS3 and 11 with CNS2 status) did not receive irradiation because they died or experienced relapse before radiation therapy was scheduled to occur (8-27 months after diagnosis). Notably, one patient with CNS2 status (treated on AML83), whose parents made a decision against radiation, remained alive and free of disease at the time of this report, 13 years after diagnosis. In total, 29 patients (six with CNS2 and 23 with CNS3 status) received radiation. Of these, four CNS2 patients (66.7%) died while 12 CNS3 patients (52.1%) remained in continuous complete remission. In the AML91 protocol, radiation was administered only to patients who had symptomatic CNS involvement. Table 2 shows the outcomes of the 10 CNS3 patients who were treated on the AML91 protocol. Importantly, four of the five patients who did not receive radiotherapy had remained in continuous complete remission for 7.6, 9.2, 9.3, and 9.6 years at the time of this report, and three of the five patients who received cranial irradiation for symptomatic disease were alive and free of disease, 8.3, 9.3, and 9.9 years after diagnosis.
CNS relapse
Primary CNS relapse (isolated CNS recurrence of leukemia) occurred in 10 of the 290 patients, all of whom were treated on the AML80 (n ¼ 3) and AML83 (n ¼ 7) protocols. Only two of the 10, both of which had CNS3 status, received irradiation before they experienced a CNS relapse. No CNS relapse was observed in patients treated on the AML87 and AML91 protocols, all of whom were followed for at least 5 years. The overall 5-year cumulative incidence of CNS relapse was 3.471.1%. This figure was 6.672.0% on AML80 and AML83 vs 0 on AML87 and AML91 (P ¼ 0.002). The 5-year cumulative incidence of CNS relapse on the AML80 and AML83 combined was 4.772.1% for the 106 CNS1 patients, 7.177.2% for the 14 CNS2 patients, and 12.976.1% for the 31 CNS3 patients (P ¼ 0.26) (Figure 3) . Although no statistically significant difference could be demonstrated due to small numbers, the cumulative incidence of CNS relapse was appreciably higher in the CNS3 group than in the others. None of the four CNS3 patients who had a CNS relapse had CNS signs and symptoms at diagnosis. One patient in the CNS3 group (3.2%) and three patients in the combined CNS1 þ 2 group (2.5%) had relapse in both the CNS and bone marrow.
Discussion
In this single-institution study, we have shown that CNS disease at diagnosis is not an adverse prognostic factor in pediatric AML. This finding confirms that of an earlier study at our institution, 7 which also showed that the presence of CNS leukemia at diagnosis did not adversely affect the rate of remission induction or the duration of complete remission. 7 A CCG study conducted between April 1988 and October 1989 suggested that CNS leukemia is associated with an adverse prognosis in pediatric AML, 8 but this association was not confirmed in a subsequent CCG study conducted between 1990 and 1995. 24 This study could not specifically address the role of cranial irradiation in the treatment of CNS involvement or in systemic control of leukemia in pediatric AML, because 26 of the 55 patients treated on protocols AML80, AML83, and AML87 (47%) died or had relapses before radiotherapy was administered (8-27 months after diagnosis). Moreover, cranial irradiation was given at different time periods and to different subgroups of patients with CNS involvement (symptomatic vs nonsymptomatic) on different treatment protocols.
One potential risk of reducing the use of CNS radiation in patients with CNS disease is that it may increase the probability of primary CNS or hematologic relapse. It was suggested that the CNS is a sanctuary site in which leukemic cells are relatively protected from antineoplastic drugs that do not penetrate the blood-brain barrier well. 5 In our study, primary CNS relapse was relatively infrequent, occurring only among patients treated on the AML80 and AML83 protocols, in which cranial irradiation was administered at 15 and 23 months post diagnosis, respectively. No primary CNS relapse was observed on the two more recent treatment protocols, when radiation therapy was administered 8 months after diagnosis (AML87) or was reserved for patients with symptomatic CNS disease (AML 91). As shown in Table 2 , the treatment regimen on AML87 included higher doses of cytarabine and etoposide, indicative of a more intensive systemic chemotherapy effect that could have contributed to better overall outcome. Moreover, the two later regimens included chemotherapeutic agents that are well known to have greater CNS penetration (high-dose cytarabine 11 on AML 87 and cladribine 12 on AML91). This decrease in primary CNS relapse created a trend toward higher survival estimates in the CNS3 group in the two latter treatment protocols, although the small number of patients in each subgroup diminished our power to detect a statistically significant difference. In AML91, four of five CNS3 patients who received no cranial irradiation because of the absence of symptoms remained in durable complete remission (Table 4) . Despite the absence of statistical power to compare these small subgroups, our results suggest that long-term remission of CNS leukemia can be achieved without the use of CNS radiotherapy. This finding further suggests that cranial irradiation may not be necessary in the context of contemporary therapy for AML patients with asymptomatic CNS involvement at diagnosis.
Future studies should investigate the outcome of patients with AML who have CNS involvement at diagnosis and are treated without radiotherapy. These studies should explore the potential role of systemic therapy with agents that offer increased CNS penetration and further evaluate the proper timing of cranial irradiation (if given) in patients who do and do not have symptoms. The importance of this information increases with the accumulation of evidence that cranial radiation is a source of long-term mortality and morbidity, including the risk of secondary neoplasms 25, 26 and long-term endocrine and neurological sequelae. [27] [28] [29] Ideally, this issue should be addressed by Figure 3 Cumulative incidence of CNS relapse for patients with CNS1, CNS2, or CNS3 status who were treated on the AML80 and AML83 protocols (overall P ¼ 0.26).
a clinical trial in which the use of CNS radiotherapy is randomly assigned. Such a trial seems unlikely, given the known risks of radiation therapy and the growing evidence that modern systemic antileukemic therapy is capable of successfully eradicating CNS leukemia. Moreover, the outcomes (including CNS relapse) of patients treated in the recent Children's Cancer Group, 30 Pediatric Oncology Group (Becton et al, Blood 2001; 98: 461 a; abstract), and Medical Research Council 31 trials, none of which include cranial radiation, are similar to those of patients treated on the Berlin-Frankfurt-Mü nster 32 trial that used cranial radiation for prevention and treatment of CNS involvement.
Another finding of our study is that the clinical behavior of pediatric AML with CNS2 status (low number of WBCs in cytocentrifuged CSF, with leukemic blast cells) does not differ from that of CNS-negative AML. This confirms the findings previously shown in a CCG pilot study. 8 These results differ from those of an earlier study that showed CNS relapse in five of six children who had CNS2 status at diagnosis of AML (Odom et al, ASCO Proc 1989; 8: 218; abstract). This disparity may have been caused by different treatment. Additional studies are needed to determine the prognostic and therapeutic relevance of CNS2 and CNS3 status in the context of other treatment regimens for pediatric AML. Finally, the use of modern chemotherapeutic agents that offer greater penetration of the CNS, such as high-dose cytarabine and cladribine, may have improved the eradication of low-level CNS leukemia without requiring additional CNS-directed therapy in our more recent trials.
Another interesting finding of our study was the significant association between CNS involvement and the t(9;11) and inv(16) cytogenetic abnormalities. The cytogenetic abnormality t(9;11) is associated with a favorable prognosis in the context of therapy used at our institution, 22 although other investigators have reported different findings in the context of other chemotherapy regimens. 23 Since these features are favorable prognostic factors in our experience, they may explain the higher survival rates of patients with AML and CNS involvement. CNS involvement is also reportedly more frequent in infants and in patients with AML M4 and M5 subtypes, 1,7 a finding confirmed in this study, and most cases of AML with t(9;11) 22 or inv (16) 33 are of the M5 or M4 AML subtype, respectively.
Conclusions
Our single-institution study has shown that CNS involvement is more common in patients whose AML has favorable cytogenetic features. In the context of our treatment, the CNS2 category (low CSF leukocyte count with blast cells) has no prognostic significance. Although only a relatively small number of patients with CNS3 status were studied, our findings suggest that cranial irradiation may not be necessary even for these patients, in the context of contemporary chemotherapy regimens. Our recently completed frontline AML study (AML97), 34 whose results are being analyzed, prospectively addresses this issue. 
